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ABSTRACT 
Research on the fatigue behavior of horizontally curved, steel 
bridge elements is underway at Lehigh University under the sponsorship 
of the Federal Highway Administration (FHWA) of the U.S. Department of 
Transportation. The investigation is centered on the effect of welded 
details on curved girder fatigue strength. Fatigue tests of five full-
scale curved plate girder assemblies and three full-scale curved box 
girders are part of the investigation. 
This report examines analytically the effects of spacing of rigid 
interior diaphragms on the stresses and deflections of curved box 
girders. Available computer programs are employed and existing results 
are utilized with little emphasis on the procedure of computation. The 
objective is to assess the qualitative relationship between stresses and 
the coupling influence of diaphragm spacing and curvature, so as to gain 
insight to the fatigue behavior of box girders. 
Results of the analyses indicate that decreasing of diaphragm 
spacing effectively controls the torsional stresses. The ratio of 
diaphragm spacing to radius of curved box girders is introduced as a 
parameter for monitoring stress ranges. It appears that the relation-
ship between stress range and the spacing-to-radius ratio is practically 
linear for a given geometry of curved box girder. More study is recom-
mended to explore further this ratio as a parameter for controlling the 
magnitude of stress range. 
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1. INTRODUCTION 
1.1 Background 
The research reported herein is part of a multiphase investiga-
tion of curved girder fatigue at Lehigh University entitled "Fatigue of 
Curved Steel Bridge Elements", sponsored by the FHWA. This investiga-
tion is broken down into five tasks as shown in Appendix A. In Task 1 
the analysis and design of large scale horizontally curved plate and 
box girder test assemblies are performed, including bridge classifica-
tion and selection of welded details for study. Task 2 concerns special 
studies on stress range gradients, heat curving residual stresses, web 
slenderness ratios, and diaphragm spacing as related to fatigue perfor-
mance. Fatigue tests of large scale plate and box girder test assem-
blies are performed in Task 3. Ultimate strength tests of the modified 
test assemblies are performed in Task 4. Design recommendations for 
fatigue are prepared in Task 5, based on the work of Tasks 1, 2 and 3. 
Horizontally curved steel box girders with a composite concrete 
deck are often used as bridge members on highways, particularly at the 
entrances and exists of modern expressways. The ability of the closed 
box shape to distribute vehicular loads in the transverse direction of 
the bridge is the main advantage of box girders. Because of the curva-
ture, loads on a curved bridge generate torsional stresses in addition 
to the flexural stresses in the bridge. The box-shaped cross section 
enables distribution of the torsional stresses among its component parts 
better than the distribution among parallel plate girders of deck-and-
girder type bridges. 
Torsional stresses include the St. Venant shearing stresses in 
the plane of a cross section and the warping normal and warping shearing 
stresses resulting from warping of the plane cross section. In addition, 
distortional normal and shearing stresses arise due to deformation of 
the cross section. There are a number of methods for evaluating these 
stresses, such as the theory of thin-walled elastic beams,(l, 2 , 3) the 
theory of folded plates, (4) the method of beam-an-elastic-foundation 
(BEF) analogy, (5 , 6) and various numerical procedures including the method 
of finite element. ( 7,B) Numerous summaries have been made on the 
application of these methods to the analysis and design of steel or 
1 b . d (9,10,11) composite stee -concrete ox g1r ers. 
The results of these studies have clearly indicated the necessity 
for rigid transverse interior diaphragms in box girders. Figure 1 shows 
a schematic view of a horizontally curved box girder of radius R. Suffi-
ciently rigid diaphragms at the supports and between the supports as 
shown in the figure are required to control distortion thus maintaining 
the cross-sectional shape of the box girder and reducing the distortional 
stresses. ( 6, 12 , 13) The spacing of rigid transverse interior diaphragms 
along the length of a box girder is an important factor in this regard. 
1.2 Objectives and Scope 
This report presents the results of an analytical study of the 
influence of the spacing of rigid interior disphragms on the fatigue 
strength of curved steel box girders. This study was undertaken as 
part of Task 2 described in Appendix A. A listing of all project re-
ports is given in Appendix B. 
The objectives of the research reported herein are: (1) to 
examine analytically the effect of the spacing of rigid interior dia-
phragms on stresses in curved steel box girders, and (2) to evaluate the 
influence of diaphragm spacing on fatigue strength of box girders. 
1.3 Research Approach 
One of the curved steel box girders designed and fabricated for 
fatigue testing in Task 3 of the FHWA investigation (Appendix A) and re-
ported in Ref. 14 was selected for the theoretical study. An existing 
finite element method of analysis was employed. The number of interior 
diaphragms was varied from 0 to 5. Flexure, rotational and distortional 
stresses were considered. 
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2. INFLUENCE OF DIAPHRAGM SPACING 
2.1 Selection of Curved Box Girder Details 
Besides the spacing of rigid interior diaphragms, the factors 
influencing the stresses and deflections of horizontally curved steel 
box girders include (1) the cross-sectional geometry and dimensions, 
(2) the length and radius of the centroidal axis, (3) the sup-
porting conditions, and (4) the location and magnitude of the loading. 
A random survey of six curved steel box girder bridges with rectangular 
. ( 14) . h f d . 1 1 cross sect1ons gave t e ranges o non 1mensiona geometrica para-
meters as shown in Table 1. The various dimensions are defined in Fig. 
2. 
The influence of diaphragm spacing was examined through the results 
of analyses of a curved steel box girder representative of the girders in 
the random survey. The box girder selected was the same as those de-
signed for fatigue testing and reported in Ref. 14. (In particular, 
curved box girder number 3 was selected.) Table 1 shows the values of 
:the various dimensionless parameters for the girder. Figure 3 shows the 
dimensionsof the curved box girder used in the analysis. 
The finite element method was selected for the analysis, using 
the SAP IV computer program. (l5) Figure 4 shows the discretization of 
the box girder-for use in the program. The material properties were 
assumed to be the following: a yield point of 36 ·ksi, a modulus of 
elasticity of 30,000 ksi, and a Poisson's ratio of 0.3. Two concentrated 
loads of 100 kips each were placed directly over the inner web of the 
box girder at the quarter points of the simple span·as shown in Figs. 
3 and ·4. The loads cause bending, rotation, and distortion of the box 
girder cross section. In mathematical evaluations, the torsional moment 
M is pure torsion and distorttonal components as shown in Fig. 5. The 
finite element analysis of the box girder provides the total stresses 
and deflections without separating them into bending, rotational and 
distortional components. '•• -'. 
·;··· 
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The number of interior diaphragms (ND) was varied from 0 to 5 as 
shown in Fig. 6. The diaphragms were placed symmetrically in the span. 
For ND = 0, 1 and 5 the loads did not coincide with diaphragms whereas 
for ND = 3 the loads occurred directly over diaphragms, as shown in the 
figure. 
2.2 Results of the Analyses 
The results of the SAP IV analyses are given in Figs. 7 to 14. 
In the figures, stress, deflection or distortion are plotted vertically 
with respect to position along the half span of the girder. The loads 
are over the inner web at the quarter points. The length-to-radius ratio 
of the girder is L/R = 0.3. 
Figures 7 and 8 show the total longitudinal normal stresses at 
the bottom of the inner and the outer webs, respectively. Also shown 
dashed in the figures are the corresponding bending stresses in a 
straight girder of the same cross-sectional geometry and length, L. In 
the vicinity of the loads, the normal stresses are reduced in the inner 
web as the number of interior diaphragms increase. The corresponding 
stresses in the outer web increase. For both webs an increase in the 
number of diaphragms results in the total normal stresses approaching 
the bending stress in the center half of the span. This indicates that 
the stress gradient across the bottom flange reduces to a very small 
value as the number of diaphragms increases. Figure 9 shows that with 
five interior diaphragms, the stress gradient is indeed very small, 
except near the load points. Thus, with a sufficient number of interior 
diaphragms, longitudinal stresses due to torsion are present only locally 
near the loads. ' 
The effects of~ the number of interior diaphragms on vertical 
deflections and distortions are shown in Figs. 10 and 11. Figure 10 
shows the reduction in deflection of the inner web as the number of 
diaphragms is increased. The cross-sectional distortion (the angle y in 
Fig. 5) is plotted with respect to position along the half span in Fig. 
11. Distortion effects reduce quite rapidly with an increase in the 
numb~r of diaphragms. 
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The transverse plate bending stresses due to cross-sectional 
distortion can also be expected to reduce as distortion reduces. These 
stresses are plotted in Figs. 12 and 13 for the bottom of the inner and. 
outer webs, respectively. The plate bending stresses reduced signi-
ficantly as the number of diaphragms was increased. For the case of 
three interior diaphragms, the loads were at the quarter point dia-
phragms and the transverse flexural stresses in the webs near these 
diaphragms were directly effected by the loads. 
Figure 14 illustrates the effects of diaphragm spacing on the 
total shearing stress. It appears that only small changes of shearing 
stress take place when diaphragm spacing is decreased. 
For comparison, the stresses and deflections were computed for a 
straight box girder having the same loading condition, cross-sectional 
geometry and centroidal length of the curved girder, except that for 
the straight girder L/R = 0. The total longitudinal normal stresses 
have the same pattern of variation along the span as the curved box 
girders. This can be seen by comparing the stress profile plots in 
Figs. 15 and 16 with corresponding plots in Figs. 7 and 8 for the curved 
box girder. Because the bending normal stresseg are identical for the 
straight and the curved box girder, a direct comparison of the torsional 
normal stresses can be made. The comparison is made in Figs. 17 and 
18 which shows that, regardless of diaphragm spacing, the torsional 
stresses (distortion plus warping) were lower for the straight box 
girder. The increase in number of interior diaphragms from 1 to 3, 
however, had a stronger effect on the torsional stresses in the curved 
girder. 
Results of deflections and distortions for the straight and 
curved box girders are compared in Tables 2 and 3. The influence of 
curvature (L/R) and of diaphragm spacing on total deflections were not 
significant as is indicated by the very small changes in values in Table 
2. The effects of curvature and diaphragm spacing on distortion were 
more important, however. As shown in Table 3, the distortion at the 
load points (L/4) was reduced to approximately one-half by adding interior 
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diaphragms at the quarter. points in both the straight and curved box 
girders. The variation in distortion at the load points with respect 
to L/R was of about the same order of magnitude. Thus, in order to 
reduce distortional stresses in curved box girders, the required number 
of interior diaphragms must be determined considering the curvature 
(L/R). 
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3. INFLUENCE OF DIAPHRAGM SPACING AND RADIUS 
To explore further the influence of diaphragm spacing and 
curvature on the stresses in curved box girders, an analysis was made 
of an arbitrary curved box girder with a prismatic cross s~ction, but 
variable span length and radius. The dimensions of the box girder are 
given in Fig. 19. Rigid interior diaphragms 9.5 mm (3/8 in.) thick 
were placed at a spacing of L/2 to L/12. The span length-to-radius 
ratio varied from 1/24 to 0.6. The computer program CURDI was used 
for the analysis. (8 ) This program employs the finite strip method and 
provides rapid solutions to theelement forces and displacements for 
curved box girders. The discretization of the box girder for analysis 
is shown in Fig. 20. 
The computed stresses and deflections showed the same trend as 
depicted by Figs. 7 to 18; an increase of the number of diaphragms in a 
given girder decreased the torsional and distortional stresses. To 
incorporate the effect of curvature, the maximum normal stress range, 
S , corresponding to the range of applied load is plotted in Fig. 21 as 
r 
a function of a/R, the ratio of diaphragm spacing to box girder radius. 
It is apparent from this plot that the S versus a/R relationship is 
r 
practically linear for any ratio of L/R. This relationship could 
simplify the determination of the necessary spacing of diaphragms in 
curved box girders with respect to fatigue criteria. 
Because of the apparent importance of the S versus a/R relation-
r 
ship, information from the literature was used to examine the relation-
ship further. There are only limited results of analyses in the liter-
ature with regard to the influence of diaphragm spacing on stresses (or 
stress ranges) in curved box girders. Heins( 12 • 16) used the partial 
differential equation of distortion developed by Dabrowski. (2) A para-
metric study was conducted by Heins from which an empirical formula was 
established for estimating distortional stresses in curved box girders. 
The results from the parametric study are used here in a further examina-
tion of the influence of diaphragm spacing and curvature on stresses. 
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Two box girder cross sections taken from Ref. 12 are shown in 
Fig. 22. The girders have the same width but different depth. The 
number of interior diaphragms varies from one to nineteen. Three 
different lengths of span were examined. The computed maximum distor-
tional stresses from Ref. 12 are plotted in Figs. 23 and 24 as a 
function of the number of diaphragms. Regardless of the L/R ratio, the 
maximum distortional stress decreases with increasing number of dia-
phragms. Box girders with higher L/R values, that is, with longer 
spans or sharper curvature, have higher distortional stresses. 
The relationship between stress range and spacing-to-radius 
ratios are depicted in Figs. 25 to 30 for the two box girders with three 
different span lengths. The relationship is nearly linear for all values 
of L/R in the practical range. For box girders with high L/R values, 
the stress range decreases with decreasing of diaphragm spacing at a 
rate slightly different from constant. For comparison, straight box 
girder stress ranges are also included in the figures. For straight box 
girders, L/R and a/R are zero, the ratio of a/L is used as the abscissa. 
The resulting S -a/L lines are straight. 
r 
Since the curves in Figs. 25 to 30 are concaved upward, straight 
line approximations connecting the terminal points of the individual 
curves are on the conservative side. Such straight lines could be used 
in determining the spacing of interior diaphragms to ensure that stress 
ranges are within permitted values. 
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4. FATIGUE CONSIDERATIONS 
The generation of torsional and distortional stresses in curved 
box girders under live load results in high ranges of longitudinal 
stresses. Stress range controls the fatigue life of bridge compo-
nents. (ll) Thus, torsional and distortional stresses might reduce the 
fatigue life of curved box girders if such stresses are npt controlled. 
While studies are in progress to investigate the effects of 
stress range gradient on the fatigue strength of curved plate girders 
. (14) 
and box girders, the early stage of fatigue crack propagation has 
been well described. (l8 ) Design stress range curves for various cate-
gories of details have been specified by AASHTO, AISC and AREA. (l9 , 20 ' 
21,22,23) Figure 31 depicts the design stress ranges for different 
categories of structural details. It is of paramount importance that the 
live load stress ranges do not exceed the specified values for the gover-
ning categories at the desired life of the structure. 
For given geometry, loading, and support conditions of a curved 
box girder, the bending and torsional stresses are invariant. Only the 
distortional stresses can be reduced by adding interior diaphragms. From 
results such as reported herein it is obvious that curved box girders 
with longer spans or sharper curvature have higher distortional stresses, 
thus require more interior diaphragms. Plots of stress range versus 
a/R ratio, similar to Figs. 25 to 30, could be used in conjunction with 
the specification stress range curves to determine the diaphragm spacing, 
for a given life. 
As an example, consider a box girder with the cross section of 
Girder No. 1 in Figure 22 where L/R = 0.5, and L = 15 in. The stress 
range versus a/R relationship is given in Fig. 25 and is replotted in 
Fig. 32. If a design life of two million cycles is specified and a 
category E structural detail must be used, the design stress range is 
8 ksi from Fig. 31. With one interior diaphragm, the a/R ratio is 0.25 
and the stress range is approximately 10 ksi, being higher than the 
design stress range of 8 ksi. Three rigid interior diaphragms are needed 
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to reduce the stress range below the design value, as is depicted in 
Fig. 32. 
Most known fatigue failures occur at structural details when the 
applied stress ranges are high but are not considered in the design 
process. <23 , 24) Many of these stresses are induced by the performance 
of the structure under load. The distortional component of torsion of 
box girders causes transverse flexural bending of the web plates (as 
shown in Figs. 5, 12 and 13). These performance-induced stresses may 
cause fatigue cracking at the junction of box girder components. For-
tunately the addition of transverse interior diaphragms reduces effec-
tively the transverse bending stresses along the box girder. However, 
at diaphragms where a load is applied, local stresses may be significant 
(see Fig. 13). Appropriate structural details must be used at the dia-
phragms to avoid high secondary stresses. <25 ) 
-10-
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5 . CONCLUSIONS 
This report analytically investigated the effect of the spacing 
of rigid interior diaphragms on the longitudinal normal stresses 
(bending, torsional and distortional) and transverse web bending 
stresses in horizontally curved steel box girders. The study was con-
ducted using a number of box girders, including one of the large scale 
box girders designed for fatigue testing. (l4) 
The following conclusions can be made on the basis of the inves-
tigation: 
1. Curved box girders are subjected to higher stresses compared to 
straight box girders because of the curvature. 
2. Increasing the number of diaphragms and reducing the diaphragm 
spacing effectively control the longitudinal normal stresses 
as well as the transverse bending stresses. 
3. The overall deflection of curved box girders is not significantly 
effected by diaphragm spacing but the distortion is effected. 
4. The plots of stress range S versus spacing-to-radius ratio (a/R) 
r 
are nearly linear for all values of span length to radius ratio 
(L/R) in the practical range. 
5. A conservative straight line approximating the S to a/R relation-
r 
ship for any curved box girder can be used with the specification 
fatigue design stress range curves to determine the required dia-
phragm spacing for a given life. 
In summary, it must be emphasized that the cross-sectional geome-
try, span length, curvature, supporting conditions and loading control the 
primary stresses in curved box girders. Only distortional stress com-
ponents are controlled by the prese~ce of rigid interior diaphragms. The 
use of interior diaphragms directly reduces distortional normal and dis-
tortional plate bending stresses, thus increasing the fatigue strength of 
curved steel box girders. The stress range versus a/R relationship ap-
pears to be a practical guide for diaphragm spacing. Additional work in 
in this direction seems beneficial, and is reco~~ended. 
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6. TABLES 
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TABLE 1 RESULTS OF SURVEY OF SIX BOX GIRDER BRIDGES 
AND VALUES SELECTED FOR ANALYSIS 
Dimens ion1ess Range of Values 
Parameter Parameters for Selected for 
(see Fig. 2) Existing Bridges Analysis 
b 0. 96-1.0 1.0 d 
e 0.1-0.6 0.33 b' ' 
L 16.0-37.0 12.0 d 
d 88.0-168.0 96.0 t 
w 
b 
tb 
24.0-330.0 96.0 
tb 
0. 3-1.0 0.33 
tt 
L 0. 06-1.09 0.3 R 
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TAB IE 2 COMPARISON OF DEFLECTIONS 
Location along Span 
L/R ND L/8 L/4 3/8 L L/2 
0.3 5.59 9.91 10.92 11.18 
1 
0 5.16 9.27 10.54 10.79 
0.3 5.08 8.89 10.16 10.41 
3 
0 4.85 8.79 10.29 10.72 
TABLE 3 COMPARISON OF DISTORTIONS 
Location along Span 
L/R ND L/8 L/4 3/8 L L/2 
0.3 0.00202 0.00267 0.00167 0.001 
1 
0 0.000312 0.00144 . 0.00089 0.00053 
0.3 0.00081 0.0015 0.001 0.0007 
3 
0 -0.00026 0.0007 0.0004 0.0002 
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8. APPENDICES 
APPENDIX A: STATEMENT OF WORK 
"Fatigue of Curved Steel Bridge Elements" 
OBJECTIVE 
The objectives of this investigation are: (1) to establish the 
fatigue behavior of horizontally curved steel plate and box girder high-
way bridges, (2) to develop fatigue design guides in the form of simpli-
fied equations or charts suitable for inclusion in the AASHTO Bridge 
Specifications, and (3) to establish the ultimate strength behavior of 
curved steel plate and box girder highway bridges. 
DELINEATION OF TASKS 
Task 1 - Analysis and Design of Large Scale Plate Girder and Box Girder 
Test Assemblies 
Horizontally curves steel plate and box girder bridge designs will 
be· classified on the basis of geometry (radius of curvature, span length, 
number of span, girders per span, diaphragm spacing, types of stiffener 
details, type of diaphragm, web slenderness ratios and loading conditions). 
This will be accomplished through available information from existing 
literature and other sources, as required. 
Current research on the fatigue strength of straight girders has 
identified and classified those welded details susceptible to fatigue 
crack growth. This classification shall be extended to include criti-
cal welded details peculiar to curved open and closed girder bridges. 
These welded details shall be examined with respect to their suscepti-
bility to fatigue crack growth and analyses shall be made to estimate :: 
the conditions for fatigue crack growth. 
Based on the analyses described above, a selected number of 
representative open and closed section curved bridge girders shall be 
defined for purposes of performing in-depth analyses, designs, and 
laboratory fatigue tests of large scale<: test assemblies. These girders 
shall be typical and will characterize commonly used girders, to include 
the use of welded details. The assemblies shall be analyzed and designed 
using currently available design guides, methods, and/or computer 
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programs. Each test assembly shall be designed to incorporate the maxi-
mum number of welded details susceptible to fatigue crack growth. Stress-
es in all components of the cross section shall be examined so that the 
significance of each stress condition can be evaluated. An assessment 
of the significance of flexural stress, principal stress, stress range 
and stress range gradient shall be determined at each welded detail. 
The significance of curved boundaries on the stresses shall be exa~ined. 
Stress states in welded details equivalent to those used in straight 
girders shall be examined. 
Curved plate and box girder test assemblies shall be designed so 
that ultimate strength tests can be carried out following the planned 
fatigue tests, with a minimum of modification. 
Task 2 - Special Studies 
In addition to but independent of the analyses and designs 
described in Task 1, certain other special studies shall be performed. 
These special studies are specifically directed towards those problems 
peculiar to curved girder bridges, as follows: (1) the significance of 
a fatigue crack growing across the width of a flange in the presence of 
a stress range gradient shall be studied, (2) the effect of heat curving 
on the residual stresses and fatigue strength of welded details shall be 
examined, (3) newly suggested web slenderness ratios for curved girder 
webs reduce present slenderness ratios of unstiffened webs. These 
slenderness ratios shall be examined in terms of fatigue performance of 
curved webs, and (4) the effect of internal diaphragms in box beam 
structures will be examined with regard to fatigue behavior. 
Task 3 - Fatigue Tests of Curved Plate Girder and Box Girder Test 
Assemblies 
The plate and box girder test assemblies designed in Task 1 shall 
be tested in fatigue. Emphasis shall be placed on simulating full-scale 
test conditions. The test results shall be correlated with the analyses 
made in Task 1 and the results of the special studies performed in Task 
2. 
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Task 4 - Ultimate Load Tests of Curved Plate and Box Girder Assemblies 
Following the fatigue tests of Task 3, each plate and box girder 
test assembly shall be tested statically to determine its ultimate 
strength and mode of behavior. Fatigue cracks shall be repaired, where 
necessary, prior to the static tests. Consideration shall be given to 
providing a composite reinforced concrete slab on each test girder prior 
to the static tests. 
Task 5 - Design Recommendations 
Design recommendations for fatigue based on the analytical and 
experimental work shall be formulated in a manner consistent with that 
for straight girders. Specification provisions shall be formulated for 
presentation to the AASHTO Bridge Committee. 
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